Since it was discovered that stress annealing induced larger anisotropies compared to other annealing methods in amorphous and nanocrystalline alloys, there has been a lot of research done to explain this phenomenon. This has led to many suggestions about the origin of this stress-induced magnetic anisotropy, but till now the origin is explained with two competing models: the magnetoelastic effect model and the diatomic pair ordering model. In spite of these theories, the origin of the stress-induced anisotropy is still under discussion because direct observation of structural anisotropy is still lacking. In this paper, we have reviewed some of the characterization techniques which have been used to discuss the origin of stress-induced magnetic anisotropy and the progress which has been made thus far in unifying all the contrasting views which has been suggested to be the origin of the stress-induced anisotropy in FINEMET alloys.
Introduction
On the macroscopic level, a magnet is labelled by its north and south poles, however on the microscopic level, magnetism is dependent on whether a material is crystalline or non-crystalline [1] . If a material is crystalline, then the magnetic properties becomes directional, this means that for a specific magnetic material the magnetic moments which contribute to the material's magnetic property align themselves preferentially, in what is called the "easy axis" [2] . This phenomenon is known as magnetic anisotropy. In the high frequency range, a large anisotropy is needed to be able to modify the magnetic properties of a ma-terial to suit different applications, therefore, it is important to understand its origin. One of the most important magnetic materials is the ferromagnetic materials and in this article, we will narrow our study down to the FeCuNbSiB ferromagnetic alloys since they have gained significant attention in recent times.
Altering the composition of a magnetic material affects its magnetic properties such as the hysteresis loop, permeability, anisotropy and magnetic flux. Also, whether the ferromagnetic material is crystalline or amorphous plays an important role.
Nanocrystalline alloys produced by the partial crystallization of FeCuNbSiB amorphous alloys are one of the best known soft magnetic alloys [3] [4] . These alloys possess excellentpermeability while maintaining a high saturation magnetization, low coercivity, high electrical resistivity, high Curie temperatures and low energy losses all of which make them suitable candidates for most industrial and technological applications [4] [5] [6] . Being one of the pioneers of soft nanocrystalline alloys, a lot of research has been done on the FeCuNbSiB alloy most of which is geared towards tailoring the properties to suit a specific application. Some of the methods which have been used to tailor these properties are annealing which is microstructural modification process [7] and addition of other alloying elements such as Co, Ni, Mo, Zr, Ta, Cr. Quite recently, Cr containing nanocrystalline have attracted some interest [8] [9] due to the positive effect chromium has on soft magnetic properties in addition to corrosion resistance and increase in thermal stability [10] whilst showing high values of stress induced magnetic anisotropy constant. Induced anisotropy was shown to be a special way in tailoring magnetic permeability by stress or field annealing [11] [12] of which stress annealing was found to induce the highest anisotropy in soft nanocrystalline alloys compared. Since its discovery [3] , the unique dual-phase microstructure of the FeCuNbSiB nanocrystalline alloys has been attributed to its possessing excellent magnetic properties and even to an extent, good corrosion properties. In obtaining the Fe-based soft nanocrystalline alloys, its amorphous precursors are annealed at temperatures between 520˚C -580˚C [13] , although recent works show 540˚C is the nanocrystallization temperature. After the amorphous alloys have been annealed they possess a two-ferromagnetic phase microstructure of nanocrystalline grains dispersed or surrounded in an amorphous matrix.
Knowledge of these magnetic properties are helping develop state of the art magnetic sensors and data storage materials which play a key role in modern technology. This paper aims to provide a summary on the contributions which have been done to enhance the understanding of stress-induced anisotropy in amorphous and nanocrystalline alloys. The formatter will need to create these components, incorporating the applicable criteria that follow.
Fundamentals of Magnetic Anisotropy

What is Magnetic Anisotropy
When a material is said to be anisotropic, it means its properties are direc-tion-dependent. Therefore, magnetic anisotropy is simply the dependence of magnetic properties on direction. Ferromagnetic materials are seen to be the most important type of magnetic materials and it is in them that this magnetic anisotropy phenomenon happens [1] [2] . Magnetization in ferromagnetic materials results from contributions to its magnetic energy. Domains are small volume regions found in ferromagnetic materials which contains magnetic dipole moments and it is the alignment of these dipole moments which determine the degree of magnetization [14] . For example, if an external magnetic field is applied to a ferromagnetic material and the magnetic dipole moments in the domains are aligned in the same direction as the external magnetic field it is said that saturation magnetization has occurred [1] [2] . The basic principle is that ferromagnetic particles have various contributions to the magnetic energy which controls their magnetization. No matter how simple or complex the combination of energies maybecome, the grain will seek the configuration of magnetization which minimizes its total energy [15] . The short answer to our question is that certain directions within magnetic crystals are at lower energy than others.
To shift the magnetization from one "easy" direction to another requires energy.
If the barrier is high enough, the particle will stay magnetized in the same direction for very long periods of time [15] [16] . We have now seen that magnetic anisotropy is mostly dependent of the domain structure of the ferromagnetic materials, however, the type of magnetic anisotropy is dependent on (a) crystal structure (b) grain shape and (c) residual stress [17] . Now, let us have it in mind that all of these affect the hysteresis loop or behaviour, the coercivity and the remanence of the material.
Magnetocrystalline Anisotropy
When the energy required to magnetize a material varies with respect to crystallographic directions it is known as magnetocrystalline anisotropy [2] . The crystallographic direction which requires the minimum amount of energy to magnetize the material is known as the easy axis whilst the direction which requires the maximum amount of energy to cause magnetization is known as the hard axis. Spin-orbit coupling is the main source of magnetocrystalline anisotropy [14] .
We see in Figure 1 , that for both metals a different curve was generated when 
Shape Anisotropy
This is due to the shape of the grain of the material [18] . When a body is magne- Figure 1 . The magnetization curves for iron and nickel [2] .
tized it produces magnetic charges at the surface, which we call "poles". This surface charge distribution is a source of magnetic field and it is known as the demagnetizing field since it acts in opposition to the magnetic field which produces it [19] . The unique feature of permanent magnets is their ability to store magnetostatic energy and their shapes were dictated by the low coercivity H c of the ferromagnetic materials available over a 100 years ago, which limited the tolerable demagnetizing field in the second quadrant of the M(H) hysteresis loop where the working point of a magnet is inevitably located [20] .
This demagnetizing field is proportional to the magnetization of the material and is sensitive to shape [21] [22] . The demagnetizing field is expressed as:
where d H is the demagnetizing field, M is the magnetization and is the demagnetization factor determined by shape. Shape anisotropy is only fully effective in regions where the magnetization remains uniform and rotates coherently without breaking upinto domains [20] .
Stress Anisotropy
This kind of anisotropy can be said to be the most common in ferromagnetic materials. This is because most manufacturing or processing techniques leave residual stresses or strains in a material which affects atomic interactions, which therefore affects spin-orbit interactions which generally gives rise to magnetic energy [23] . Changes in magnetization can change the shape of the crystal by altering the shapes of the orbitals [24] . This phenomenon is called magnetostriction. This is to say that a magnetic material will change its dimension when magnetized [25] . The inverse effect also occurs; the magnetic behaviour of a material varies with applied stress [26] .
The magnetic anisotropy energy is related to stress as:
where σ is the applied or residual stress and s λ is the saturation magnetostriction constant. Figure 2 shows the relationship between induced anisotropy energy and applied stress during annealing as shown by Alves et al. [27] .
Since stress is related to strain, sometimes the magnetic anisotropy energy is rather related to the strain [26] . The effect of induced anisotropy on magnetic hysteresis properties like remanence and coercivity is explained by the back-stress model [28] . Per the back-stress model, the effective permeability and the uniaxial magnetic anisotropy energy are related as follows:
where o µ is the vacuum permeability, eff µ is the effective permeability and J s is the saturation magnetization.The inverse relationship between effective permeability and the uniaxial magnetic anisotropy of FINEMET type alloys seen in the work done Csizmadia et al. [29] is shown in Figure 3 .
Characterization Techniques of Magnetic Materials
When a material is fabricated in the lab, how are we able to determine that our method was successful? Depending on the nature of the material being investigated, a group of techniques may be utilized to assess its structure and properties. Whereas some techniques are qualitative, such as providing an image of a surface, others yield quantitative information such as relative concentrations ofatoms that compromise the material [30] . However, our main focus is to look at some of the methods used to characterize magnetic materials. The structure of magnetic materials can be divided into two parts; physical structure and magnetic structure [31] . The physical structure comprises of the grain size, grain boundaries, crystal structure, morphology, texture, volume fraction of each phase, surfaces, defects,inter-phase interfaces, etc. whilst the magnetic structure consists of magnetic-domain structure and recording pattern in magnetic recording media [31] [32].
X-Ray Diffraction
This can be used to identify the phases present in a material and to provide information on the physical state of the sample, such as grain size, texture and crystal perfection. However, since we're dealing with characterizing magnetic materials, information from XRD will tell us whether a material is either amorphous or crystalline. The peaks from XRD data also gives information about the isotropic or anisotropic nature of a magnetic material before and after it has been subjected to a heat treatment process [33] . Therefore, XRD is one of the most common material characterization techniques. X-rays are a form of electromagnetic radiation that have high energies and short wavelengths-wavelengths on the order of the atomic spacing for solids. When a beam of x-rays impinges on a solid material, a portion of this beam will be scattered in all direc-tions by the electrons associated with each atom or ion that lies within the beam's path [34] . A simple expression which relates the wavelength of the x-ray and the interatomic spacing to the angle of the diffracted beam known as the Bragg's law is important condition which needs to be satisfied during diffraction. If the Bragg's law is not satisfied, then the interference will be nonconstructive, therefore, yielding a very low-intensity diffracted beam [2] [30].
Because we are concerned about identifying the phases present in the soft nanocrystalline materials after their amorphous precursors have been annealed, we look at some previous work which have used x-ray diffraction methods to characterize magnetic materials. The amorphous nature of as-cast or prepared ribbons have been confirmed using XRD measurements by most researchers and different phases have also been identified depending on the composition, annealing temperature and time. Quite recently, Gavrilovic et al. [35] identified multiple crystalline phases in a FeCuNbSiB sample which was heat treated at 1123K for 24h. Kurlyandskaya et al. [10] used the XRD to analyze the texture features in soft nanocrystalline FeCrSiBNbCu alloys and for different compositions it was shown that stress annealing typically results in no texturing [36] . Figure 4 shows the XRD patterns of an FeCuNbSiB sample annealed at 973K studied by Gavrilovic et al. [37] which revealed the different phases which become present after the sample has been subjected to the annealing process.
Therefore, we can see that structural information of nanocrystalline and amorphous ribbons can be obtained by conventional XRD. However, the information obtained from conventional XRD is not enough to be able to clarify in details the origin of stress-induced magnetic anisotropy.
Transmission X-Ray Diffraction
In this type of diffraction technique, the sample is subjected to an incident x-ray beam which passes through the material, interacts with the atoms and is diffracted. Details of the interaction is captured by a detector. Because, we want the Gavrilovic et al. [37] . information obtained to be accurate enough, samples are normally subjected to incident x-ray beams at different angles which results in different diffraction angles [34] . The most common x-ray radiation source used for magnetic materials is Mo-Kα radiation. A monochromator is also used to select a narrow band of wavelength of radiation or light from a wider range of wavelengths [33] . X-ray diffraction in transmission mode has been used to study structural and magnetic anisotropy in both nanocrystalline and amorphous alloys. Now, let's look at some of them.
The stress induced magnetic and structural anisotropy of nanocrystalline Fe-based alloys was studied using the XRD in transmission mode by Ohnuma et al. [11] . The samples were amorphous ribbons of FeSiBNbCu with different elemental compositions which were subjected to annealing treatments with/without varying applied stresses. The XRD measurements taken for each sample were in two modes: (a) the diffraction vector parallel to the ribbon direction (b) the diffraction vector perpendicular to the ribbon direction. Information obtained from the data showed the presence of structural anisotropy in the alloys as shown in Figure 5 .
The mechanism of the magnetic anisotropy in the nanocrystalline alloys annealed under stress was investigated using x-ray diffraction in transmission mode by Ohnuma et al. [12] . Two profiles were measured with diffraction vectors parallel and perpendicular to the ribbon direction. The XRD profiles of the alloy annealed under tensile stress showed a clear difference between the two directions. The Induced magnetic anisotropy in Si-free nanocrystalline soft magnetic materials was studied via transmission x-ray diffraction by Parsons et al. [26] . In this experiment, all samples underwent two measurements, one was taken parallel and the other was taken in the perpendicular direction, relative to the applied field placed on the sample during the annealing process. When a Gaussian function was fitted to the reflection peaks, a small but consistent, change in peak position was found in the parallel and perpendicular directions in which the measurements were taken. Ohnuma et al. [38] studied the effect of applied stress on the structural anisotropy using transmission XRD and they found that the lattice spacing of certain planes shows elongation (anisotropy)
proportional to the applied stress. In the study of the structural anisotropy of amorphous alloys with creep induced magnetic anisotropy by Ohnuma et al. [39] , transmission XRD measurements showed that samples annealed under stress reveal a structural anisotropy which is released post-annealing as a residual strain and this strain increases with annealing stress which in turn is also related to the magnetic anisotropy.
The transmission XRD has been a valuable tool in the quest to understand the origin of the stress induced magnetic anisotropy. It has been used to verify the magnetoelastic model and at the same time show that the contribution of the diatomic pair ordering to the stress-induced magnetic anisotropy is quite negligible.
Transmission Electron Microscopy
Transmission electron microscopy is a very important and powerful tool in characterizing the structure of magnetic materials primarily due to its high sensitivity, enabling simultaneous examination of microstructural features through high-resolution imaging and acquisition of chemical and crystallographic information from small regions of the specimen [31] . The Transmission electron is built around an electron column which can be divided into two main assemblies:
the electron gun-which is the source of high energy electrons and electromagnetic lenses-which is used to control the beam and thus generate the image [31] .
There are different types of interactions which occur when the electrons interact with the sample. One of these interactions, diffraction of the electrons by the periodic array of atomic planes in the specimen, ultimately produces the contrast that most commonly enables observation of structural details in crystalline materials [40] . The electrons that pass through the thin crystal without being diffracted by the atomic planes are referred to as transmitted electrons. The electrons that have been diffracted from a given (hkl) plane are the (hkl) diffracted electrons. Contrast in amorphous materials is primarily due to electron absorption effects, which increase with atomic number. Ultimately, an area of interest is illuminated due to the flooding of sample with electrons [31] .
Because the Transmission electron microscope can be used in both image mode and diffraction mode or combined diffraction and image mode, both structural and morphological information can be obtained therefore it can be used to characterize magnetic materials with precision. Figure 6 shows typical XRD patterns of stress and field annealed samples.
The structural origin of stress-induced magnetic anisotropy in FeSiBNbCu nanocrystalline alloys was studied using TEM. In this experiment TEM observations was carried out on the samples annealed under stress to check the texture and shape of the anisotropy [12] . However, the TEM revealed isotropic profiles which was as indication of the absence of shape anisotropy and texture in contrast to the results obtained using the transmission XRD. The microstructural character of CoSiBFeNb amorphous alloys under the effect of stress and/or field annealing was studied using TEM analysis and information obtained was able to clarify the microscopic mechanisms responsible for the magnetic anisotropy induced by the different thermal treatments of the samples [41] .
The low temperature magnetic behaviour of glass-covered magnetic microwires with gradient nanocrystalline microstructure has been studied using Transmission Electron Microscopy. TEM observations indicated how crystallization occurred at different temperature ranges [42] .
Unlike XRD techniques, the TEM provides more precise information about 
Mössbauer Spectroscopy
Mössbauer spectroscopy is a characterization technique based on the Mössbauer effect which was discovered by Rudolf Mössbauer in 1958. The technique is based on the phenomenon of the emission and resonant absorption and scattering of nuclear gamma rays without energy loss due to recoil. In the spectroscopy process, a solid sample is exposed to a beam of gamma radiation and a detector measures the beam intensity transmitted through the sample. It is very important that the atoms in the gamma ray emitting source be of the same isotope as the atoms absorbing them [43] . Since the demand for efficient magnetic materials for technological applications have increased over the years, a lot of research has/is being done to improve required properties of the magnetic materials to meet the increasing scientific and technological demands [44] . Therefore, Mössbauer spectroscopy which provides delicate details about the properties of magnetic materials is a very important tool in the study of magnetic materials.
We have seen over the years that the scale of materials has evolved from a large scale to a small scale while still maintaining or even improving on their properties. Today, most materials have been produced on the nanometer level which we call nanomaterials. The Mössbauer spectroscopy can distinguish atomically, magnetically or electronically in-equivalent lattice sites and provides information about local neighborhood of certain probe sites. Because, nanocrystalline materials exhibit superior soft magnetic properties, it provides us the opportunity to study how these properties are related to grain refinement on the nano scale [45] .
The local field-induced anisotropy of the residual amorphous phase and the bcc crystalline phase was determined using Mössbauer spectroscopy where it was found that with increasing volume fraction of the crystalline phase the field-induced anisotropy increased [26] . In the study of the Induced magnetic anisotropy and structure of Fe-based nanocrystalline materials with different Si and Co content, Lukshina et al. [46] used both Mössbauer spectroscopy and high-resolution electron microscopy for structural investigation and the correlation between the phase composition of the nanocrystalline materials with the type of induced magnetic anisotropy and thermal stability of magnetic properties after stress annealing was established [46] . Kai-Yuan He [47] used Möss-bauer spectrum measurements to determine the specific magnetization of the residual amorphous phase in the study of the optimum condition for magnetic properties of two-phase soft magnetic alloys. Mössbauer, magnetic and XRD measurements showed that the anisotropic atomic rearrangements associated with stress annealing, induces magnetic anisotropy in a plane perpendicular to the stress axis in the work done by Kane et al. [48] . In the Mössbauer study of FeCuNbSiB-type nanocrystals, it was seen that with increasing annealing time,
there was an increase in the number of Fe atoms with Nb and Cu as the nearest neighbor atoms, resulting in a decrease in the average value of hyperfine magnetic field distribution in the residual amorphous phase [49] . Mössbauer measurements was performed by Gupta et al. [50] to obtain additional information about the redistribution of the elements in a FeCuNbSiB sample which was an-nealed at 400˚C with varying annealing times in the study of the Cu clustering kinetics in the amorphous phase of the FeCuNbSiB alloy. The Mössbauer spectra analysis by Hasiak et al. [51] found that the volume fraction of the crystalline α-FeSi phase equaled 8% and the iron content of the crystalline α-FeSi phase was the same as that of the amorphous matrix for the FeCuNbSiB samples annealed at 733K for 4 hours. However, the amount of crystalline α-FeSi phase increased with annealing time, with the volume fraction of the α-FeSi crystalline phase equaling 25% after annealing at 733K for 14 hours.
The Origin of Magnetic Anisotropy
FeCuNbSiB soft nanocrystalline alloys have a wide range of industrial applications, and in high frequency ranges, high induced anisotropy and high electrical resistivity are necessary to improve the properties. It has been seen over the years that the induced anisotropy in soft nanocrystalline alloys can be altered by partial substitution of Fe content in FINEMET type alloys with Co or Ni [52] [53] of which the relative permeability can be reduced from about 20000 to 2500 [54] samples during primary crystallization as studied by Hono et al. [13] .
is small. The coexistence the nanocrystalline and amorphous phases yields a good balance between positive and negative saturation magnetostriction values which results in ultra-soft magnetic properties.
With the origin of stress induced anisotropy, previous work has led to the proposal of two models; a directional diatomic ordering which was proposed by Hoffmann and Kronmüller [67] and a magnetoelastic effect due to residual stress proposed by Herzer [28] . However, most of the work done by the researchers in recent times have been to establish or provide direct evidence to
show that the stress induced anisotropy genuinely originates from one the two proposed models but, till date the origin is still not clear. This is because direct observations of structural anisotropy are lacking.
Ohnuma et al. [12] [38] suggested that the anisotropic energy originates from a magnetoelastic effect due to elastic elongation of the Fe-Si phase which has been constrained by a surrounding amorphous phase. Kraus et al. [36] suggested that the anisotropy is due to the inelastic polarization of the amorphous intergranular phase. Varga et al. [68] also suggested that the anisotropy was magnetoelastic in origin by relating the magnetic anisotropic energy to the magnetostriction of the crystalline phase. Fang et al. [69] suggested that the anisotropy is originated from the directional congregation of the agglomerated grains formed in stress annealed ribbon. Kernion et al. [70] also concluded that a magnetoelastic coupling is the primary source of the anisotropy. Fernandez et al. [71] found that the stress induced anisotropy is maximum when the annealing temperature is increased at constant applied stress. Lachowicz et al. [72] supported Hofmann's proposal because of the temperature dependence of the anisotropy.
Nielsen et al. [73] suggested the stress induced anisotropy comprises of an inelastic part which is recovered post-annealing and a plastic part which remains post annealing.
In the magnetoelastic model, the induced anisotropy is transverse to the tensile stress direction and with increasing stress, the susceptibility of the linear magnetization curves decreases which implies that the u K increases. Per Equation (2.3), Herzer [28] suggested that the value of the s λ is a contribution from 
The two-phase microstructure of randomly oriented nanocrystals in a residual amorphous matrix in the nanocrystalline Fe-based alloys led to the suggestion of an atomic pair ordering model based on Neel's investigations [75] which suggested that the energy of each atomic pair in a solid solution was dependent on its relative orientation to the direction of uniaxial stress, such that if temperatures were high enough it would cause atomic rearrangement processes. This would lead to an anisotropic distribution of atomic pair axis which yields a magnetic anisotropy in the crystal. According to Neel's theory, the stress induced anisotropy is given by: C is the elastic constant, κ is the compressibility, a T is the annealing temperature, and R is the gas constant. The atomic pair ordering model was shown to be negligible in contributing to the stress-induced magnetic anisotropy by Ohnuma et al. [11] concluding that that the induced magnetic anisotropy energy was well explained by residual strains and their magnetostrictions because structural anisotropy was observed in the lattice spacing of alloys with and without Si.
Therefore, although the origin of the stress induced anisotropy has been narrowed down to two main models, most of the work done by researchers has further verified the magnetoelastic effect model and therefore looks likely to be the main origin of the anisotropy with negligible contributions from the atomic pair ordering. However, whether the induced anisotropy is dependent on creep (which is the overall plastic deformation) or the applied stress is still unanswered.
Conclusions
In summary, we can see that since the discovery of soft nanocrystalline alloys a lot of work has been done to understand the properties they possess, however, the arguments about the origin of stress induced anisotropy has been narrowed down to the magnetoelastic and atomic pair ordering models. Although the XRD, TEM and Mössbauer spectroscopy techniques have increased our understanding of the origin of induced magnetic anisotropy, details of the origin are still not clear. Therefore, efforts are/ and should be put in to improve the aspects of the induced magnetic anisotropy which is still under question. Some of the characterization techniques which should be used in addition to the commonly used transmission XRD, TEM and other methods such as; the electron holography which gives information about the microstructure of materials and can also reveal information about the domain structure and the synchrotron XRD which is a better and precise diffraction technique compared to the transmission XRD, giving accurate information about the kinetics of nanocrystallization, grain size and lattice parameters because data from synchrotron sources achieve better resolution. It is worth mentioning also that, in future studies about the structural origin of stress induced anisotropy, the study should be conducted in in-situ mode since it reveals real time information about the details of the experiment.
Whether the structural origin of stress induced anisotropy is due to the magnetoelastic coupling or the atomic pair ordering models, one thing certain is that, application of stress during annealing improves the soft magnetic properties of amorphous and nanocrystalline alloys. Therefore, with advances in experimental methods this enigma will soon be unraveled.
